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ABSTRACT
Ten samples of particulate matter of radius greater than 0.5 mi-
crons have been collected on the M.I.T. campus in Cambridge, Mass., using
a Casella four-stage cascade impactor. Concurrent values of environmental
parameters are also noted. Analysis for lead has been performed using
total deposition anodic strippic voltammetry, a new method developed and
carried out by another researcher, which method is briefly described here-
in. Analysis for bromine, chlorine, and iodine substance has been conducted
by pile neutron activation. The concentrations of particulates measured
in this study show generally good agreement with the previous work of other
investigators. The amounts per cubic meter of air are of the order of:
for lead and chlorine, 10- 6 grams; for bromine 10-7 to 10- grams; and for
-9iodine, 10 grams.
The data indicate that bromine pollution from automobile exhausts
is clearly in excess of bromine from maritime sources only when there is
haze, smoke, or fog present in amounts sufficient to restrict the visibil-
ity to about five miles or less. In all cases, the ratio Br/Pb observed
is several times smaller than in gasoline. To account for this observa-
tion, a theory is proposed suggesting a photochemical reaction which
releases gas-phase bromine from automobile exhaust particles. This reac-
tion may be inhibited by the presence of soot and water vapor in the air
under conditions of low visibility.
Seven simultaneous measurements of ozone, obtained from a separate
study by another colleague, are related to the value of chloride concentra-
tion totals observed herein. A simple linear correlation coefficient is
calculated as -0.55. Though this statistic is uncertain because of the
limited number of samples, the results of a literature search suggest two
independent mechanisms by which a negative correlation might be expected.
The first mechanism is a complex series of reactions between ozone and
chloride resulting in a destruction of ozone proportional to the amount
of chloride present. The second mechanism involves the effect of nitrogen
dioxide, which is suggested to be creative of ozone and destructive of
chloride in particulate form through the release to the gas phase of HC1.
Because of the theoretical arguments, further work seems Justified to
obtain more data upon which to base a correlation coefficient of greater
statistical significance.
Brief remarks are included attempting to explain the relation of
the environmental parameters observed to the variability in the pollutant
data. In addition to the effect of low visibility stated above, relation-
ships are noted with traffic density, rain, wind direction, and change
of air mass.
Thesis Supervisor: John W. WInchester
Title: Associate Professor of Geochemistry
Thesis Co-Supervisor: Reginald E. Newell
Title: Assistant Professor of Meteorology
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I
INTRODUCTION
Purpose of the Study
The purpose of this study is three-fold. The first aim is to
present simultaneous measurements of the concentration of lead, chlorine,
bromine, and iodine compounds serving as particulate pollutants in the
atmosphere of the Greater Boston area. Together with these data, meas-
urements are given which represent the various environmental conditions,
both meteorological and non-meteorological, which exist at the time of
the aerosol samplings. Boston lies at the northern end of the East-
coastal strip-city, or "megalopolis," an area of thousands of square
kilometers which is roughly homogeneous with regard to such aspects as
economy, population density, climate, etc. See Pack (1964). Therefore,
it is felt that the measurements alone have some intrinsic value since
they increase considerably our awareness of air pollution in a large and
important part of our country.
The second aim of this study is to examine these measurements crit-
ically in an effort to draw whatever conclusions seem justified concerning
the role of the various environmental parameters in controlling the variab-
ility of pollutant concentration. As will be discussed in the next section
of this report, air pollution measurements are sometimes presented in the
literature without a discussion of the environmental conditions prevailing
at the sampling time, thus making comparisons difficult. Further, there is
no general agreement as to which environmental conditions are the most
important, nor even as to what parameters are to be measured to best repre-
sent them.
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The third aim of the study is to evaluate the measurements in the
light of atmospheric chemistry of the halogens and of lead. It is hoped
both to use the theories to help explain the measurements, and to use the
measurements, in some cases, to test the theories.
Limitations of the Study
Theoretically, it might be possible to consider the number repre-
senting the concentration of a given air pollutant as a predictand, the
value of which could be uniquely determined if one had precise measure-
ments of the various predictors, or controlling variables, and in addi-
tion a knowledge of the exact mathematical relationships involved. In
practice, one might take a sufficiently large number of measurements and
develop by statistical methods a correlation-regression equation enabling
one to estimate with fair accuracy the degree of air pollution associated
with given environmental conditions. A little reflection leads one to
realize that there are many factors which contribute to the variability
observed in air pollution concentrations. An elaboration of this concept
is given in the following section of this report. A strictly statistical
approach would therefore require hundreds,- if not thousands, of independent
measurements in order to produce anything which would be reliable. Since
this study has been conducted under time and budget limitations, such an
approach here is entirely out of the question. On the other hand, much
information can be obtained from relatively few numbers if one is willing
to realize the limitations imposed by the paucity of data and proceed
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cautiously. One value of a pilot study such as this one is that it can
point out the needs and directions of future work. It is in this sense
that the author feels that his work may be best utilized.
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II
PAST MRASURMENTS
Factors Affecting the Local Concentration of a Pollutant
Measurements of the concentration of any substance in the atmosphere
which are taken at a fixed geographical location at different times exhibit
a variability which is controlled by a large number of complex and sometimes
interrelated factors. The atmosphere in its entirely may be considered as
an open, heterogeneous system. The boundaries of the system further confuse
the issue by being variable in dimension, chemical composition, physical
state, and even location. To elaborate, the dimensions change in a vastly
complex way, as is exemplified by the diurnal expansions and contractions
of the atmosphere, as well as by the transient and ever-changing pressure
patterns. The variability of the chemical composition and physical state
of the boundaries occurs not only at the earth-atmosphere interface, but,
also at numerous interfaces suspended in the atmosphere, such as clouds,
fog, precipitation, and haze particles. The location of the boundaries
of the atmospheric system also changes in a manner which is very important
in this study; here we cite the fact among others, that motor vehicles,
an important source of air pollution, continually vary in the location
and concentration of their operation.
Further, the atmosphere is in perpetual and roughly random motion
with respect to any geographical location, so that any measurements
spaced by an interval of time do not, in general, survey the same atmo-
spheric volume. Thus, the factors affecting the variability of local
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concentration values will be not only those which affect the creation or
destruction of the pollutant at that locale, but, probably more impor-
tantly, those which affect the time-varying concentration in the air which
is arriving or leaving the point in question.
The important factors may be classified as meteorological or non-
meteorological. The important non-meteorological factors are source
strength and chemical reactions. Source strength may be defined as the
amount of material released into the atmosphere per unit time. The various
materials examined in this study will have some sources in common, such as
automotive exhaust, and some sources which are distinct, such as air pollu-
tion by various industries or by the bubble-mechanism by which various
halides are introduced.
The meteorological factors which are important include both those
which influence the creation and destruction of the material in the atmo-
sphere and those which affect the advection to or removal from the area
where measurements are made. Specifically, the meteorological factors
related to creation or destruction must include the following: temperature,
relative humidity, cloud cover, and the presence of "weather" (haze, smoke,
or fog). The importance of these factors enters through their effect on
the reaction rates of photochemical reactions, which in turn effect the
residence times of the various pollutants in the air. The factors most
directly involved with carrying the material into and out of the area of
the measurement are wind direction and velocity (both "natural" wind and
that resulting from the stirring action of vehicle traffic), stability
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which is resistance to vertical mixing, and precipitation. The latter
acts to reduce the concentration of many pollutants either by the mecha-
nism of having pollutant particles serve as condensation nuclei, or by
having the precipitation inelastically collide with suspended pollutants.
Of course, the above factors are not totally unrelated. For ex-
ample, lack of stability together with high moisture content often result
in development of cloud cover and/or precipitation. Further, even source
strength may be somewhat related to weather; for example, less traffic
may occur when the weather is severe than when it is pleasant.
Previous Studies of Lead
In previous studies of air pollution much valuable data have been
amassed which exhibit variability with time. However, some of these
studies do not present any data whatsoever on concurrent values of para-
meters expressing the effects of the above-mentioned controlling factors,
and the reader is unable to deduce the reasons for the reported variability
in pollutant concentrations. Tabor and Warren (1958) have published a
study which portrays the variability to be expected within metallic pollu-
tant data. From 18 urban sites and 4 suburban sites throughout the United
States (including Boston) 754 samples have been obtained and analyzed for
various metals, including lead. The frequency distribution for lead is
given as follows: (with a minimum detectable amount listed as 0.1 micro-
gram per cubic meter).
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Percentage of 754 Samples in Indicated Range
Range 0-0.25 0.25-0.63 0.63-1.6 1.6-3.9 3.9-9.8 9.8-24.2
u gras/m3 )
Percentage 15.6 33.3 34.1 11.5 4.5 0.1
Tabor (1964) has supplied this author with 23 values of atmospheric
lead content taken at the Boston Blaymarket observation site on various days
during 1958. These data are included in the overall tabulation above, but
are not given specifically in that reference. The data show values ranging
from 0.1 to 4.6 micrograms per cubic meter with an average of 1.3 micrograms
per cubic meter. The semi-quantitative spectrographic method used to obtain
the above values of lead concentrations is described by Keenan and Byers
(1952). The average lead-content values from several other locales are
presented in this article, i.e.t
Locale Lead (P grams/m 3 ) Number of Samples in Average
Detroit 0.4 1035
Windsor, Canada 0.7 82
Charleston, W. Va. 0.2 9
In general agreement with the above researchersas to orders of magnitude
of particulate lead concentrations in urban areas is a study presented by
Magill et al. (1956) showing average values for each of four urban areas
ranging from 0.5 to 3 micrograms per cubic meter. This study further
states that an average value taken from measurements in 30 metropolitan
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areas in the U. S. and Alaska is 2 micrograms per cubic meter.
Some indication of the correlation of lead concentration values
to human activity is suggested by the work of Chambers et al. (1955).
In this paper, values of the concentration of various pollutants measured
in cities having populations ranging from 500,000 to 2 million are compared
to values obtained from measurements from nonurban areas, which are, in
come cases, nearby the cities. For the seven cities listed, the average
lead concentration values range from 0.5 to 2.4 micrograms per cubic
meter, with an overall average for all the cities of 1.4 of the same units.
For the nonurban areas, the values from the five areas studied range from
0.1 to 0.9, with an overall average of 0.6 micrograms per cubic meter.
Two cities, Cincinnati, Ohio, and Portland, Oregan, are represented by
both urban and nonurban measurements. The values given, in micrograms
per cubic meter, are as follows:
Urban Average Nonurban Average
Cincinnati 1.6 0.4
Portland 1.2 0.3
The 75% reduction in each case between centers of human activity
and outlying areas suggests that lead is mostly emitted from its source
in the form of large particles; that is, in a form having a residence
time in the atmosphere limited to the order of a few hours at most, after
which the particles fall out. Another deduction which one can make from
these data is that there is some human activity which is roughly propor-
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tional to the population which acts as a source for a significant fraction
of the particulate lead in the atmosphere. Cholak et al. (1961) indicate
that the sources of lead in the atmosphere include automobile exhaust
emissions, industrial processing of lead-containing materials, lead-bearing
insecticides, the weathering of paint and solder, the combustion of coal,
and lead-contaminated soil. The author of the present study does not feel
that lead-contaminated soil is a major source of lead in the atmosphere.
This opinion is based on the work of Tatsumoto and Patterson (1963). These
authors show that the iron to lead ratio in the soil is very much greater
than the same ratio in air measurements. Thus, if the soil contributed a
major fraction of lead to the air, it might reasonably be expected.to con-
tribute iron also, thus making the iron to lead ratio more nearly equal in
both phases. Cholak's study presents the results of recent analysis of
1129 air samples collected during 1945-1955 in twenty-four cities. Again,
this studr finds increasing concentrations of lead with increasing popula-
tion. Cities in the 1 to 2 million population class exhibit results
averaging from 1.47 to 1.99 micrograms per cubic meter, while cities above
2 million give an average of 2.85 micrograms, except for Los Angeles, which
gives higher values ranging to 5.62 under conditions of high atmospheric
stability. Of the above-listed sources, the single item most clearly
positively correlated with population in U. S. cities is automobile opera-
tion, and thus this factor can be taken as contributing a significant por-
tion of the total atmospheric lead contamination. However, one must be
careful not to underestimate the fraction due to the other sources. The
same study cites an interesting trend noticed in the values reported for
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Cincinnati for the year 1946 to 1959, where a continuous downward trend
in the median annual concentration is shown in spite of an increase of
two-fold in the number of registered motor vehicles. The authors attri-
bute this trend to diminished combustion of coal, to restrictions on the
sale and use of unsatisfactory types of solid fuel, to increasingly
effective enforcement of smoke-abatement ordinances, and to changes in
traffic patterns resulting in the shift of population to outlying areas.
Before the results of the Cincinnati study can be fully analyzed with
regard to the relative importance of automobile emission to other sources,
the author of this study would like to suggest that two further considera-
tions be given the data. First, examination may reveal a significant
systematic change in the weather pattern of the Cincinnati area during
these years; and second. an increase in the traffic density might actually
serve to reduce the average operating speed of vehicles in a manner such
that smaller amounts of lead are actually released than would be released
by fewer cars travelling at higher speeds. The work of Hirschler et al.
discusses the role of vehicle speed in releasing lead to the atmosphere.
As an inhabitant of Cincinnati during most of the years in question, this
author can state from personal experience that low speed, stop-and-go
driving conditions seemed to increase to a peak much higher than those in
several other large cities, including Boston, where the author has driven.
At any rate, it would appear that motor vehicle exhaust is a major source
of lead in the atmosphere, but that the fraction contributed is still an
open question. This conclusion is further substantiated by the work of
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Brief at Al. (1960), which shows a positive correlation between lead and
traffic density at six locations in a northeastern U. S. city, for the
range of traffic density between 0 and 99 vehicles per minute; and finally,
additional corroboration is given by the work of Tufts (1959), which shows
a relation between lead particle concentration and time of day as well as
average traffic speed in a Chicago study.
No discussion of the past measurements of particulate lead in the
atmosphere would be complete without a mention of the work of Renzetti
(1955). This report gives the results of an extensive examination of the
Los Angeles Basin smog problem, and includes reports of lead concentration
values from August through November, 1954. The meteorological parameters
selected to be measured along with the concentrations of the various cons-
tituents of the smog are the height of the temperature inversion (a measure
of stability, or more precisely the height dimension of a volume of air
available to dilute a given mass of pollutant); downward radiation, inclu-
ding direct and scattered solar radiation; wind velocity; temperature;
and relative humidity. The method of lead analysis is by dithizone extrac-
tion at high pH, as reported by Cholak et al. (1948). The results of the
study show values ranging two to three times the national average figure
for cities, taken by Rensetti as 2.15 micrograms per cubic meter. There
as an indication of the simultaneous occurrence of high values of lead
with low values of inversion height, as well as a general increase in the
values of lead toward the end of study when compared to those at the begin-
ning of the study. This fact can be ascribed to two factors: an increased
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prevalence of low-lying inversions during the latter part of the study
and an increase of lead in the atmosphere from increased use of coal
in the fall months.
Previous Measurements of Other Substances
Dice (1964) has presented a careful review of the literature and
previous measurements of atmospheric chlorine, bromine, and iodine.
Also, Duce, Winchester, and Van Nahl (1965) present their own measure-
ments of these constituents as aerosols, in rains, and in the gaseous
phase in the atmosphere of Hawaii. Although the measurements are intended
primarily as part of an atmospheric chemistry investigation, measurements
of meteorological conditions at the time of sampling are given. These
include cloud conditions, precipitation, relative humidity, and wind
direction and speed. The authors note the effect of a period of rain
in reducing the level of particulate pollution following the rain. The
authors further observe a higher ratio of bromine to chlorine in the
aerosols collected inland than in those which are collected over the sea
with an aircraft mounted device. Pollution of the atmosphere by auto-
motive exhaust products containing bromine is offered as a possible cause
of the observed excess, and the authors make a very reasonable order of
magnitude estimate of the amount of bromine which might be contributed
in this way, accounting for at least one-tenth of the total aerosol plus
gaseous bromine which they have observed.
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Unfortunately, the role of automotive exhaust products in atmospheric
pollution by bromine has received very little attention. Indeed, as pointed
out in the above-mentioned study, the previous work relative to the air
pollution and air chemistry aspects of this halogen has received much less
attention than either chlorine or iodine. As evidence of this, Jacobs
(1960) presents a thorough review of sampling techniques and chemical analysis
methods commonly used in air pollution studies, but bromine is missing from
the section dealing with the halogens. The only mention is contained almost
parenthetically in a section dealing with ozone; even this deals with gas
phase bromine as opposed to particulate bromine compounds. These remarks
are not intended as criticism of an excellent work, but merely to point out
that air pollution studies have by and large neglected bromine in the past;
hence, there is no need for Jacobs to have included tests for bromine when
no one seems to have shown any demand for them. It is also conceivable that
some test methods employed to measure the concentration of chlorides, for
example by precipitation with silver nitrate, have actually measured not
pure chloride but a mixture consisting of large amounts of chloride and,
by comparison, trace amounts of bromide.
Very recently, Gordon and Larson, (1964), have published a study
which greatly advances the knowledge of atmospheric bromine. These authors
have collected samples each week day for a period of about three months
employing 47-millimeter discs of cellulose ester filter material (manufac-
turer not stated) which collects particles larger than about 0.2 microns.
Analysis has been conducted for sodium, manganese, and bromine by neutron
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activation techniques. The median value of the concentration of each
substance is given, as well as graphs showing the number of samples
having concentrations in the specified ranges. Of particular interest
are data showing the effect of certain meteorological variables. A sum-
mary of the Gordon and Larson data is given below:
Median Value of Bromine in Aerosols
Concentration
Condition of Sampling ,a grams/m3
0-24 hours after precipitation 0.16
>24 hours after precipitation 0.21
(Roughly half the total number of samples
appears in each of the above categories)
Bmoke or hase noted (24 samples) 0.24
No smoke or haze noted 0.12
All samples 0.17
The weather data are from observations taken at Washington Inter-
national Airport. Thus, this investigator presumes that the standard
Weather Bureau practice of reporting haze or smoke only when its presence
reduces the visibility below seven miles has been followed, although the
authors do not mention visibility.
The authors further note that winds from the northeast quadrant
are more frequently associated with higher concentrations, and winds from
the sector between south and northwest with lower concentrations, although
the correlation is stated to be not strong.
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III
SAMPLING AND ANALYSIS
Collection of Aerosols
Collection devices used in aerometric surveys vary considerably
in their applications and principles of operation. A thorough review
of this subject is given by Jacobs (1960) and by Stern (1962a). The
collection device employed in this work is a Casella four-stage cascade
impactor, described fully in the manufacturer's leaflet (Casella, C.F.),
which is based upon and updates an earlier paper by May (1945).
The device is.fitted with a Teflon bearing and a wind vane so
that it might rotate to face always into the wind. Ambient air is pulled
through the device by means of an electrically-driven vacuum pump. The
air is brought into the device through an intake orifice and impinged
upon a glass slide which changes its direction of flow by 90 degrees,
thus depositing the largest particles, previously entrained in the air
stream, upon the first glass slide. Then the air is drawn through three
rectangular jets of decreasing cross-sectional area. Opposed to each
jet is a glass slide which thus impacts a sample of particles of smaller
and smaller size ranges. When the device is operated at the ideal air
flow rate of 17.5 liters per minute, the size partitioning, according to
the manufacturer's pamphlet, is such that the largest particles found on
the second, third, and fourth slides are, in radius, 20, 7, and 2.5 microns,
respectively. These are the minimum sizes impacted with 100% efficiency
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by the previous disc. No independent check of the size range of the
samples has been conducted during this test. The particles of less
than 0.5 micron size pass out the exhaust of this instrument. They may
be filtered. if desired. but this has not been done for this study.
Further, the impaction efficiency for particles of greater than 20 micron
radius is a complex function of wind speed in the air being sampled, and
of particle size itself. The optimum value of wind speed for efficiencies
near 100% for all particle sizes is 4 to 5 meters per second.
The time period selected as a sampling interval is 180 minutes,
except for one case where the run has been terminated after 169 minutes
because it started to rain. The period of time chosen represents a
compromise between two opposing determining factors. First, one must
sample long enough to be sure to get, even on clear days, an amount of
material of sufficient mass to be analyzed. On the other hand, too long
a period of sampling would allow too much variation in the measured envi-
ronmental parameters, and thus tend to "smear out" their effect. The
choice of three hours has proven to be satisfactory in both regards.
For the measurement of the volume of air sampled during the run,
a flowmeter of the type described by Duce (1964) is attached by pressure
tubing between the exhaust of the impactor and the intake of the vacuum
pump. Readings are taken every thirty minutes during the run. To allow
for the pressure drop in the cascade impactor, a later calibration has
been devised in which the equipment is fitted with two identical flowmeters.
In the calibration run, the second flowmeter is connected ahead of the
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intake orifice of the cascade impactor, an arrangement which would not be
suitable during an actual sampling run. Then the vacuum pump is operated
at varying strength, so that a table is obtained, showing values on the
flowmeter used during sampling versus those on the flowmeter used ahead of
the intake orifice of the impactor. Since the latter values have minimal
pressure drop effect, it is felt that these values represent the true flow
of air into the cascade impactor. The readings of the flowmeter are strict-
ly accurate only at 7001F and 1 atmosphere pressure. The unit involved is
1 standard cubic meter (SCM) measured at the above conditions. However,
a calculation performed to correct the readings to the ambient conditions
of the sampling has shown that no correction need be made for the depart-
ures from standard conditions existing during this test. The reason is
that the calculation of the so-called corrected flow rate involves the
reading of a graph, and in this step an uncertainty arises which is of
the same size as the correction. An example of the calculation is given
by Duce (1964), whose study involves more extreme departures from 70o0
and 1 atmosphere pressure because of his work at higher elevations where
the pressure is markedly lower. Therefore, the volume of air sampled in
the 180 minutes of these runs is just over 2 cubic meters at 70oF and
1 atmosphere, measured to about 1% accuracy. A careful reader will now
observe that this represents only about 12 liters per minute, as opposed
to 17.5 liters per minute which has been stated to be the ideal rate for
operation of the cascade impactor. However, the flow rate used represents
the highest possible with the available vacuum pumps. The result of using
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this less-than-desirable flow rate is presumed to be two-fold. First,
the limits of the size fractionation, stated earlier, become question-
able, and at best can be taken only as approximate. Second, with
decreased efficiency of collection of larger particles as a possible
result, it may be that the concentrations reported herein can be suspected
of being too low. However, from the general close agreement of the lead
results with those of an earlier study (see RlSULTS and DISCUSION sections),
the author feels that the error introduced because of this factor, while
unknown, is probably very small, certainly not approaching an order of
magnitude. Further, the error should be consistent in its effect from
sample to sample, and also consistent in its effect on each substance studied.
Thus, sample-to-sample variability, and substance concentration ratios are
felt to be unaffected.
Belection of the Sampling Sites
The pollutant concentration data reported in this study represent
samples taken at both of two types of sampling sites. It has been decided
to choose one location near a major traffic thoroughfare, and a second at
some distance away and some elevation above street level. In addition to
these. restrictions, several other practical considerations are met in the
final selection of the sampling sites. First, the sites should be near
enough to each other to represent the same conditions of population, indus-
try, and traffic density. Second, the sites should be near an outlet for
electrical power to drive the vacuum pump. Third, it is desirable to run
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several tests one after another to see if the results are similar when
the variation in all the controlling factors are minimized. For example,
samples 6 and 7 are taken on the same day, as are samples 9 and 10.
Since it requires about one hour in the laboratory to wash the slides
after a sampling run and reload the impactor with clean slides for the
next run, it was necessary to select sites on or near campus to minimize
the delay time required to transport the impactor from the test site to
the laboratory and back again. Fourth, during the three-hour period of
the test, the operator must remain on site to take and record various
readings of meteorological, traffic, and flow-rate conditions; to safe-
guard the test equipment against possible interference by over-curious
passers-by; and to be prepared to terminate the test in the event of the
onset of unforeseen precipitation which would interfere with the validity
of the test results. Therefore, the curb-site ideally should allow legal
parking to permit the operator to employ his vehicle as a base of opera-
tions and a place of temporary storage for the equipment directly and
indirectly involved in the test. A final and very important criterion
for the curb-site is that the traffic should move past it at a rate of
speed which remains essentially constant under all traffic density con-
ditions. The reason for this is that the nature and particle size range
of automobile exhausts is a function of whether the automobile is moving
at a steady rate of speed, is idling, or is moving under stop-and-go
conditions. The previous comment is based on the work reported by Hirschler
(1957). Therefore, it has been deemed desirable to minimize the variab-
ility in this parameter, hopefully in order to study the effects of other
controlling factors.
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The sites actually chosen for this test meet the above criteria
quite well, and are described below. The curb-site is located along the
campus (north) side of Memorial Drive in Cambridge, Mass., about 250 meters
from the intersection of Memorial Drive and Massachusetts Avenue. The
instrument is located on the side of the west-bound traffic flow, composed
of two lanes plus an additional parking lane. Approximately 25 meters
across a divider are two more traffic lanes,. for flow in the opposite
direction, plus another parking lane. The nearer lanes represent traffic
outbound from Boston, while the farther lanes represent that which is
inbound. Thus, the ratio of near-lane to far-lane traffic changes roughly
from 1:2 during the morning rush hours to 1:1 around noon and to 2:1 during
the afternoon and evening rush hours. The distance from the center of the
near lanes to the instrument site is about 12 meters, which is the minimum
possible without requiring the electrical cord to extend across a broad
sidewalk extensively used by M.I.T. students. The impactor intake orifice
is located 1.3 meters above exhaust levels. The speed of the traffic on
both sides of the divided thoroughfare is relatively constant at about 20
meters per second. Vehicles operating at idle are infrequent to nil, with
the exception of an occasional vehicle entering or leaving the parking
lanes.
The location chosen for the elevated site is on the roof of the new
Cecil and Ida Green Center for Earth Sciences, on campus approximately 200
meters from the curb-site. The roof-site instrument orifice elevation is
roughly 90 meters above traffic exhaust levels. The exact lateral location
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of the equipment on the roof depends on the wind. That is, it is always
positioned upwind of the laboratory fume hood exhaust and the air condi-
tioning cooling water spray, either of which might act as a contaminant
source unless suitable precautions are taken.
One aspect of both sites which may serve as a minor drawback is
that the impactor is sheltered to some extent by the presence of various
structures or towers which restrict the wind. This aspect is particularly
noticeable at the curb-site due to a line of tall buildings behind the
instrument location, and, to a lesser extent, a row of parked cars between
the traffic and the intake orifice. The effect is most serious when there
is a northerly component to the wind. Winds of this type seldom exceed
a few meters per second even when simultaneous reports from Logan Airport
give winds of the order of 7 meters per second with gusts to 12 meters
per second.
Choice and Measurement of Environmental Parameters
As indicated earlier, the inclusion of environmental data in air
pollution studies is not a universal practice, nor is there general agree-
ment as to which parameters are to be selected and how they are to be meas-
ured. In this section will be discussed the reasons for choosing the part-
icu~r environmental parameters which are included in this study and how
their easurement has been accomplished. The parameters chosen are data
and time mid-hourly stability class number (the least standardized of all
the param\ters - a complete discussion will follow); wind direction and
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speed at the sampling location; temperature and relative humidity at the
site location; time since the last occurrence of more than a trace of
rain; visibility; and "weather" (in this study, taken to be the restric-
tion to visibility). For the curb-site samples, a traffic count is
included.
The dates and times of the samplings have been selected with several
thoughts in mind. First, it was desired to include both weekday and weekend
observations for comparison at different levels of city-wide traffic density.
Second, a variation in the time of day would permit variations not only in
traffic patterns but also in incoming solar radiation, presumed to play a
role in photochemical reactions and in increasing air turbulence and mixing
of particulate air pollutants. Third, it was desired to have a reasonably
wide spectrum of air pollution to sample. Therefore, both clear and hasy
days were chosen. And finally, one low-visibility sample (run 6) and one
good-visibility sample (run 9) have been followed after minimal delay by
a second sampling, thus testing the effect of holding most or all of the
controlling variables nearly constant. It may be useful to note here that
the group of samples has all been taken after the autumn changeover from
Eastern Daylight Savings time to Eastern Standard time. Thus, all times
stated are local times, and traffic rush hours are comparable from one
sample to the next.
The choice and measurement of some parameter representing stability
requires the most a priori judgment of any of the meteorological parameters
selected in this study. The meteorologist in practice will often examine
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rawinsonde data (a graph of temperature, wind, and dew point, versus pres-
sure on a logarithmic scale) to make his estimate of the degree of dynamic
stability or instability present in the atmosphere. The network of stations
making such atmospheric soundings in the U. S. twice daily (at midnight and
noon (IT) is adequate for many purposes, including the gathering of data
upon which are based many kinds of weather forecasts. The interested non-
meteorologist is referred to Middleton and Spilhaus (1953) for a discussion
of the instrumentation, and to Willett and Sanders (1959) for an account of
the interpretation of the data so obtained.
Temperature normally decreases with increasing altitude. For dry
air in hydrostatic equilibrium, the adiabatic lapse rate is a decrease of
approximately 10C in 100 meters in the surface air layers. Because of
complex interrelations between dynamic, advective, and diabatic effects,
actual temperature lapse rates often differ from the dry adiabatic lapse
rate. Sometimes, within a layer of air measuring hundreds of meters in
thickness, the temperature is constant or even increases with altitude.
A condition such as this is caused, for example, by cooling at the surface
of the earth, or by subsidence of an overlying layer which is warmed adia-
batically. Vertical air motions in a layer containing an inversion tend
to be damped out. Thus, when a layer near the surface is capped by a
stable layer exhibiting an inversion due to subsidence, the vertical height
available for diluting air pollutants is essentially given by the height
of the base of the inversion. Therefore, the height of the inversion, when
obtainable from atmospheric soundings, is a natural parameter to include
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in air pollution studies. Numerous authors have discussed this concept,
including Rensetti (1955), Boettger (1961), Mc Cormick (1962), and Pasquill
(1962). However, Robinson (1961) advises caution in assuming that data
from soundings taken outside the area of an urban pollutant sampling loca-
tion can adequately represent the temperature structure over a city, in
view of the thermal modifications imposed upon the atmosphere by the pre-
sence of the city itself. A study is. cited indicating that the presence
of a city provides a heat source which tends to repress or prevent entirely
the formation of temperature inversions caused by night time radiational
cooling. Robinson also comments that the role of wind velocity in venti-
lating a city (that is, .reoving its air pollutants) is often inQorpctly
de-emphasied relative to inversion height. He states that wind speed
and inversion height correlate with oxidant pollution in Los Angeles as
-0.70 and -0.67 respectively when expressed as simple correlation coef-
ficients. However, when partial correlation coefficients are computed
to consider the effect of each variable separately, the correlation of
total oxidant to inversion height drops to a less significant -0.29, where-
as that of total oxidant to wind speed remains reasonably significant at
-0.49.
The discussion of the worth of including inversion height in a
study of Greater Boston air pollution is, alas, rather academic, because
Boston is not one of the sites which participate in the aforementioned
upper air sounding network. Because of the difficulty of utilizing tea-
perature data from other stations taken at times differing from aerosol
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sampling times, it was decided to select another means of expressing
the stability parameter. The parameter chosen is now to be discussed.
Mc Cormick and Xintaras (1962) describe their findings of the
relation of carbon monoxide concentration to a parameter called the
stability class number, in studies conducted in Nashville and Cincinnati.
Supporting the contention of Robinson relative to the effect of cities
on atmospheric thermal structure, these authors state that the soundings
taken at the nearby Nashville Airport have been carefully examined in
their study but found not to be useful. The use of stability class
numbers in a study of sulfur dioxide concentration and soiling index
in Nashville is described by Turner (1961). Turner gives in an appendix
a complete description of the method of computing this index of stability,
which he attributes ultimately to the work of Dr. F. Pasquill,
a respected authority in the field of atmospheric turbulence and diffusion
theory. The method of computation is described briefly below, omitting
some of the details.
First, one obtains the solar elevation angle a, which is given by
the following equation for daytime observations:
a- = sin 1  sin L sin D + cos L cos D cos H (1)
where L = the latitude of the sampling location
H = the hour angle, computed from local noon at the
rate of 15 per hour
D - the declination angle of the sun, available
in tables, as a function of time of year.
See List (1951).
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From the solar elevation angle, one obtains an insolation class
number which is modified semi-objectively for sky conditions obtainable
from suitable meteorological network observations - in this case, Logan
International Airport, given the call letters BOB, and henceforth so
abbreviated. This modification gives one what is termed the net radia-
tion index. (Special rules apply at night, but no night observations
are included in this study). Then, entering a table with the net radia-
tion index and the wind speed in knots, one gets an integer which expresses
the degree of stability. The integers, which range from 1 to 7, are
related to verbal descriptions of the stability by the following: (Turner,
1961)
Stability Class Number Class
1 extremely unstable
2 unstable
3 slightly unstable
4 neutral
5 slightly stable
6 stable
7 extremely stable
For the purposes of the present study, it has been decided that the
stability class numbers computed from BOO winds would be more representa-
tive of conditions prevailing over a broad area than those which are com-
puted from the site winds. The site winds, we recall, suffer from exces-
sive interference by the buildings of the MIT campus, particularly the
curb-site winds when having any northerly component. However, both types
of values are presented in the tabulation of results. The reader will note
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that three numbers are given, representing the values calculated at the
midpoint of each of the three 60-minute periods comprising a sampling
interval. This is thought preferable to an arithmetic average, because
the original calculation method described above does not deal with non-
integral values.
Continuing now with a discussion of the other environmental para-
meters, it is felt that the inclusion of some aspect of the wind condition
is vital in any study of this type. In addition to the justification
provided by the work of Robinson cited in the preceding section, one should
note that Woodcock (1953) and Junge (1954) have discussed the role of wind
speed in air pollution by chloride particles of maritime origin. In the
present study, wind speed at the site has been measured by inexpensive
portable anemometer, which gives readings in the range from 3 to over 70
miles per hour. The lower limitation, due to instrument inertia, has
proven unfortunate in this study. Winds below this level are estimated
from stirrings of leaves, and the like. All readings have to be converted
to knots to employ in the stability class number calculations, and are
reported herein after conversion to meters per second for the sake of
units consistency. (1 meter per second = 1.94 knots = 2.24 miles per hour.)
BOB winds are extracted from the hourly reports, using interpolation where
necessary to make the mid-hourly stability class number calculations.
Readings of site wind are made once per hour. Directions in all cases are
from B0 reports.
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The role of relative humidity in increasing the size of atmospheric
chloride particles is reviewed by Duce (1964), who states that the radius
of a sea salt particle doubles on going from 0% to 80% and again on going
from 80% to 98%. It is also important in improving the collection effi-
ciency of cascade impactors. Junge (1954) states that at 60% to 70%
relative humidity almost all natural aerosols become covered with a layer
of solution causing their adherence to a clean glass plate or slide. The
measurement of relative humidity and temperature has been accomplished in
this study by the use of a portable wet-bulb psychrometric device. The
data, taken once per hour and reported as the range covered by the extremes,
are felt to be accurate to one degree Centigrade and a few per cent relat-
ive humidity.
The effect of rain in washing out pollutants has already been dis-
oussed earlier in this report. The data included herein give the nearest
whole number of hours from the last occurrence of more than a trace of
rain in the BOB reports until the beginning time of a given aerosol sampling
period.
The occurrence of haze, smoke, or fog at the time of sampling seems
so obviously critical to a study of this type that further justification,
beyond that already provided in the PAST MAUR MENTS section of this report,
seems unnecessary. For all the curb-site samples, the DOO visibility and
restriction to visibility (weather) have been used. For the roof-site
samples, the author made his own observations, so as to note the presence
of hase in cases where the visibility was only slightly restricted; i.e.,
more than 6 miles.
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The need to incorporate some estimate of traffic is keenly felt,
based on the discussion of previous studies of atmospheric lead given
earlier. No direct measurements are given for the roof-site data, but
inferences of traffic density can be made from the day of the week and
the time of day, which are given. For the curb-site collection periods,
there is an estimate presented of the west-bound traffic flow along
Memorial Drive. Once per hour, the total number of cars passing the
collection site in a five minute period is counted; the number reported
in the tabulated results represents an average of the three separately
observed values. The traffic count obtained in this way is only an
estimate of the total traffic in the vicinity during the entire time of
the run. It neglects traffic on other streets, and, for simplicity,
even neglects the east-bound traffic on Memorial Drive, separated from
the near-lanes traffic by a broad grass dividing strip.
Preparation of Samples for Chemical Analysis
Almost needless to say, in dealing with samples of 10 -10- 6 grams,
one must employ careful handling techniques, and ensure that as much contam-
ination as possible has been removed from the sample bottle and the apparatus
used in the analysis. The standard cleaning procedure employed in this
study consists of soaking the item in hot, concentrated reagent-grade nitric
acid for ten minutes, then rinsing it in distilled water, and finally,
rinsing several times with the demineralized, distilled water used to prepare
the aqupous solutions of the sample necessary for the chemical analysis to
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follow. The glass slides used in the impactor, used once and discarded,
have all received the above standard cleaning procedure. Similarly
treated are the sample bottles, and the glassware and equipment used in
the preparation of the aqueous samples, now to be described in detail.
After a run, the cascade impactor is brought to the laboratory
where it is taken apart. The slides are removed individually, handling
with cleaned Teflon-coated tongs. A wash bottle of distilled, deminer-
alized water is heated in a water both to about 120or. The slide is held
in position over the mouth of a polyethylene funnel, clamped in a ring
stand so that its neck is just inside a glass 10-milliliter graduated
cylinder. The sample can be seen on the slide, appearing as an elongated
opaque rectangular area roughly centered on the 25-m circular slides
used. The coV*r of the sample varies from day to day, being a salt-like
grey-white on clear days, and a sooty black on hasy days.
Samples from runs 2 through 10 were treated alike, but in a slightly
different manner than sample 1, which will be discussed later. For examples
2 through 10, the procedure is this. A few drops of wash water are allowed
to fall on the sample from the slide containing the particles of the largest
sise range (the first slide). Then the sample is loosened by rubbing lightly
with the tip of a clean glass stirring rod. Next, the wash is permitted to
flow through the funnel into the graduated cylinder. The process is repeated.
The slide in all cases appears clean with about 2 milliliters of total wash.
Then, with an additional milliliter or so, the stirring rod, tong tips, and
funnel sides are washed down to remove any material which might be adhering
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to them. Next, the sample from the second slide is washed into the grad-
uate (along with the wash from the first slide) in exactly the same way,
bringing the total wash to about 6 milliliters. Finally, the wash from
the third slide is combined with that from the first two. The volume of
the total wash, which is now about 10 milliliters, is carefully noted for
future calculations. Then, a measured amount of about 8 milliliters of
the aqueous sample solution is decanted into a sample bottle for halide
analysis. A measured amount of about 2 milliliters of pure water is
added to the cylinder, bringing the total amount to near 4 milliliters.
After noting the exact amount, the cylinder is drained into a separate
1-ounce polyethylene vial for analysis for lead. A sample prepared in
the above way is labeled with the run number and the designation ABC,
indicating that it contains the wash from three slides. Then, the apparatus
is carefully rinsed with demineralised, distilled water and shaken dry.
Finally, the sample collected on the fourth slide (i.e., the smallest
particle sise range) is washed, as above, in about 10 milliliters of
water, and divided, as before, into portions for lead and for halogen
analysis. This sample is labeled with the run number and the designation D.
The slides from run number 1 have been treated individually. That
is, each slide is treated as a separate sample, designated by A, B, C or D.
No lead analysis has been conducted on the samples of this run. The practice
of combining the samples from the first three slides, mentioned above, has
been instituted in an attempt to insure that samples containing measurable
amounts of pollutant would be obtained in all cases. It is felt that, if
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this procedure had not been utilized, some of the samples might have
produced results that would strain the limits of the analytical proce-
dures. Performing the above procedure and reloading the impactor takes
one person about forty-five minutes, not counting the time previously
required to clean the apparatus, nor the heating time required to bring
the wash water up to 1206F. This time limit, and the time required to
go from the sampling site to the laboratory and back, entail a minimum
separation time between successive runs of about one hour. Between uses,
the glassware and tongs are wrapped in Parafilm, a chemically clean
plastic wrapping material, to prevent possible contamination by dust
in the air.
ead Analysis
The analyses for lead in the samples have been conducted by
Mr. Wayne R. Matson, a graduate student in the Department of Chemistry
at MIT. The method employs total deposition anodic stripping voltammetry.
A brief synopsis of this method, prepared with the aid of Mr. Matson, is
given below. He intends to submit for publication a paper giving a more
complete discussion in the near future.
Approximately 4 milliliters of the aqueous pollutant sample,
prepared as discussed in the preceding part of this study, are delivered
for lead analysis in a 1-ounce polyethylene vial. This vial serves as
the container for the sample during the analysis. Therefore, the elimina-
tion of the need to transfer the sample to another vessel for testing
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prevents sample loss or contamination. A reagent has been prepared,
consisting of a saturated potassium chloride solution brought to pH 2
by the addition of hydrochloric acid and purified electrolytically.
One hundred microliters of this reagent are added to the aqueous pollutant
sample as an electrolyte. A series of separate tests has shown that the
amount of lead contamination thus introduced into the sample due to the
reagent is entirely negligible. A potential of -1.00 volts versus a
standard calomel electrode is applied for a measured period of 4 to 5.hours.
The time constant for the cell, defined as the time required to plate out
all but l/e of the initial concentration of lead present, has been deter-
mined to be 85-5 minutes. Thus, a fraction which can be cklculated and
which exceeds 95% of the lead in the sample is plated out. The electrode
employed is paraffin-impregnated, spectroscopically pure graphite of
approximately 2 square centimeters surface area. Then the potential is
swept anodically at 40 millivolts per second from -1.00 volts to a point
where vigorous oxygen evolution takes place. The oxygen evolution is
sustained at +1.8 volts for ten minutes before each run to clean the
electrode (that is, to activate it by removing adsorbed or reduced organic
material possibly from the polyethylene). Near the point in the scan where
the reversible potential of the Pb/Pb + couple in chloride is reached,
a current peak is observed on the graph of current vs. voltage. The test
device is fitted with a recording pen which produces the graph automatic-
ally. From the graph, the number of coulombs in the current peak is
determined, from which the total weight of lead in the sample can be
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computed. Even the non-chemists among the readers of this thesis will
probably realize here that the total amount of lead thus determined
represents not only the lead in the aerosol sample but also a contribu-
tion from any lead contamination which is residual in the distilled
demineralized water, or which might be introduced during the process
of washing the samples off the glass slides from the cascade impactor.
The portion of the total material contributed by unavoidable contamina-
tion during the analytical procedure is called the blank. In order to
report values representing only the amount of the total contributed by
the aerosol sample, it is therefore necessary to determine a value for
the blank to be subtracted from the total observed amount. For deter-
mination of the blank in the lead analyses, two samples have been
prepared as described earlier, performing the wash procedure on clean
(aerosol-free) slides. Further, four additional 4-milliliter portions
of demineralised distilled water have been analysed. Based on these six
samples, a value for the blank has been determined as 0.021±0.005 micro-
grams of lead in four milliliters. All of the samples analysed have given
results higher than this value, and the results reported in this study
have this effect subtracted out. Thus, the values reported herein have
a standard deviation estimated by Mr. Matson at about 4% to 7%.
Halide Analysis
The analysis for chloride, bromide, and iodide constituents in
the sample is identical to that reported in full detail by Duce and
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Winchester (1965). In fact, the author has been assisted in the analyses
by Dr. Duce. (Dr. Duce performed the intricate post-irradiation chemical
procedure and the author performed all other steps and the calculations.)
Further discussion of this procedure is not deemed necessary here.
Calculations of Atmospheric Concentrations
The final calculations of the concentration of the various pollu-
tants are based on the following equation:
Ci x T
Xi  TVx Ti
(2)
where Xi - the concentration of a given substance in units of ass
of substance per standard cubic meter of air.
V m the number of standard cubic meters of air, measured
at 700 and 1 atmosphere pressure, that have been sampled
during a given run.
Ci M the mass concentration of substance i per milliliter of
aqueous sample analysed.
T a the total volume in milliliters used to prepare the aqueous
samples.
Ti M the volume in milliliters used in the analysis of the sub-
stance, that is
Ti - a number which is approximately 4 for lead.
Ti - 5 for bromide and iodide, and 1 for chloride
(Duce, 1964).
The uncertainties in T, Ti, and V are taken as negligible in deter-
mining the uncertainty in X i
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The uncertainties expressed in the following section of results
have been estimated with the aid of Professor John W. Winchester and
Mr. Wayne R. Matson.
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IV
RISULTS
This section summarizes :the measurements of this study in Tables I,
II, and III. Tables I and II present the analytical data from the roof-
site and curb-site measurements, respectively. Table III gives the envi-
ronmental conditions prevalent at the time of. each aerosol collection run.
There is also a Table IV, which contains assorted data for ready reference
and comparison with the original data of this study. It is hoped that this
table will enable the researcher with limited time available to him to
glean rapidly the important aspects of the findings in the other tables.
A disoussion and interpretation of the raw data follows this section.
TABLE I
Analytical Data - Roof-Site Samples
Sample (1)
No.
RIA
RIB
RIC
RID
Total 1
R2ABC
R2D
Total 2
R3ABC
R3D
Total 3
RABC
R4D
Total 4
RUABC
RSD
Total 5
(2)
0.54(3)
o52(3)
0.055(3)
1.93 (7s)
0.52(3)
3.0(2)
3. 5(2)
3.212)
1,08(4)
4,3(2)
0.56(3)
0.48(3)
1.04(4)
5,5.(3)
0.18(1)
s,7(3)
Br(2)
ng/WX
5.0(3)
3.s(4)
2.4(4)
3.3(4)
13.9(8)
8.7(6)
8.3(6)
16.9(9)
9,2(8)
12.0(8)
21.2(11)
1.9(3)
4,4(4)
9.2(5)
3. (s3)
12.3(T)
(2) Br/Cl
ng/SCM Molar
x10
0.014(14)
0.40(3)
0.03(1)
0.56(4)
1.00(5)
0.56(4)
0.60(4)
1.16(s)
0.07(2)s
0.28(3)
0.35(4)
0.41 (3)
0.36(3)
0.77 (4)
0.o60(4)
0.52(4)
1.12(6)
2.0
27.
3.2
7.4
1.2
2.1
1.3
4.9
2.2
2.0
1.8
1.9
0.74
7.6
0.96
I/=
Molar
x10 3
0.0048
.21
.0016
2.8
0.15
0.30
0.056
0.092
0.0061
0. 72
0.023
0.20
0.21
0.21
0.030
0.81
0.055
I/Br Fb2)
'.olar a/1"
0.00141
0.079
0. 0079
0. 11
0. 045
0.040
0.047
0).044
0.0048
0.015
0.010
0.11
0.12
0.11
0.041
0.10
0.057
ANAL' D.
0.31(1)
0.91(4)
1.22(4)
0o.24(1)
0.17(1)
0.41(1)
0.054 (2)
0.96(4)
1.01(4)
0.24(1)
0.074(3)
0.31 (1)
(1) A>2 0 Microns; B 7--0 Microns; C 2)-T Microns; D -2i Microns; ABC>~2j Microns (radii)
(2) Figure in parentheese ndicates uncertainty in last significant figure given,
(3) See AppendJx. Concentrations in parts per hundred million of air by volume.
Also note 1ipg = 10- 6 grms; Ing = 10 9 grams; 38C I Std. Cu. Meter at 700T, and 1 atm.
Br/b
Mo*1ar
NOT
ANALD 1.
0.073
0.023
0.036
0.099
0.18
0.13
0.12
0.0051
0.011
0.099
0.11
0.10
(3)
pphN
NOT
ANAL' D.
NL
ANAL'ID.
1.6
0.7
__
TABLE II
Analytical Data - Curb-Site Satples
a1e (1) ( 2)
c6ABC 1.65(7)
CSD 1.34(7)
Total 6 2.99(10)
CTABC 1.72(9)
CTD 1.24(6)
Total 7 2.98(11)
CRAC 0.70(4)
C8D 0.68(3)
Total 8 1.38(5)
C9ABC
C9D
Total
0.51(3)
0.29(2)
9 0.80(f)
C10ABC
CLOD
Total 10
1.8(1)
0.05(1)
1.9(1)
Br (2 )  (
ng/SCn ng/SCM
38.(2) 0.60(4)
59.(4) 1.25(8)
97.(5) 1.85(9)
63.(4) 0.36(3)
61. () 1.17(7)
124.(5) 1.53(8)
12.5(8) 0.s3(2)
8.3(6) 0.40(3)
20.8(10) 0.63(4)
4.5(4)
2,8(3)
7.3(5)
3.6(4)
2.9(3)
6.5(5)
0.15(2)
0.26(3)
0.41(4)
0.09(2)
0.50(4)
0.5o(5)
Br/Cl
Molar
X103
10
20
14
18
19
7.9
5.4
6.7
3.9
4.3
4.1
09,
26.
1.5
Molar
x103
0.10
0."
0.17
0.058
0.26
0.14
0.092
0.16
0.13
0.062
0.25
0.14
0.014
2.S
0.084
I/Br Pb
Molar /W"B K
0.010
0.013
0.012
0.0036
0.012
0. 0078
0.012
0,,030
0. 019
0.021
0.059
0.035
0.016
0.11
0.057
0.66(3)
0.76(3)
1.42(5)
1.01(4)
1.22(5)
2.23(7)
0.27(1)
0.16(1)
0.43(1)
0.055(2)
0. 024 (1)
0.079(2)
0.086(3)
0.035(1)
0.123(3)
Rr/Pb
Molar
0.15
0.20
0.18
0.16
0.13
0.14
0.12
0.13
0.13
0.21
0.30
0.24
0.11
0.22
0.14
(1) A,20 Xicrons; B 7-20 Ptcrons;x C 2j-T7 -crons; D j-2j Microns; ABC >2j Microns
(2) Figure in parentbeses indafates uncertainty in last significant figure given.
(3) See Appendix. Concentration. in parts per hundred million of air by volume.
lUo note: 1 10-6 grams; Ing = 10 grams; 18CM 1 Std. Cu. Leter at 70 F,
Ozone
pphm
(3)
0.7
1.8
1.1
1.2
1.8
(rndii)
and 1 .atm.
_i_ __ __ _ i
TABLE III
Environaental Dkta
Sampl6e Date Time Mid-LHourly
No. (1964) NOrT) ClPs
10/31 1001-
mat. 1301
11/03 1420-
thei. 1I0
11/04 1306-
Wed. 1606
11/06 1133-
Pri. 1433
11/11 0800-
Wved 1049
11/12 090 -
Thura. 1202
11/12 1307-
Thura 1607
11/13 0830-
Fri. 1130
11/14 004-
Sat. 1004
11/14 1100-
Sat. 1400
44,44
13,4Y4
,4,04
4,4,4
3,3, 4
4,4,441414
404P4
Btability
Numbersi
Site
3,3, 4
3,3,3 3
4,3,3
4,4,41
4,4,4
1,2,3
3f,3,2
322
Bite
Wiiid
(M1SBee)
Nw z
1-2
1-2
1
SW
1
NW
1-2
NW
1-2
(0 C) ()
8-11 70-
82
11 64
1 6B
7 86
7-12 a-
100
10-16 74-
94
15-19 62--
78
4-6
3-6
Tmi SBiace
Last Rain
(Hours)
Vi i by.
(Mi les)
eather Traf tic
(C~as in
5 min.k)
15+-
101
124
10 RAz
10 HAZX
(1)
3/4
1 3/4
P00
1/6- tOG-HAzx-
1 3/4 SmDI
16+49-
70
38-
42
146
177
176
108
172
RKun topped early with onset uf very liigh rzain at its,
CIO
In view, no0 at afte(1) I'Yghtfr r~jo~t
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Miscellaneous Useful Information
Composition o U. 8 .gasolines (Hinkamp, 1964)
Regular Premium
Pb (g/gal) 2.1 2.7
Br (g/gal) 0.81 1.06
Cl (Ig/ga) 0.72 0.94
Br/Pb (weight) 0.39 0.39
Br/Pb (molar) 1:1 1:1
Cl/Pb (weight) 0.34 0.35
Cl/Pb (olar) 2:1 2:1
Iead Salts in Automotive I*hausts (Stern, 1962b)
Chemical onrmula r/Pb (molar)
rbCl* Br It 1
N 0C' 2PbC1*Br (alpha and beta) 121
2401* PbC1 Br 1:1
23 ~ast Measurements of 1~ad in Boston (Tabor, 1964)
raSUP (P"g 3 0.1-4.6
Averae ( s )  1.3
Composition of Sea later (DuMc, 1964)
Br/Cl (molar) 1.3x103
-3
I/Cl (molar) 0.0011Oxl
I/Br (molar) 0.00077
-- i , W-A " -- ,
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V
DISCXUSION
Comparison with Past Measurements
It is felt best to begin this section with a recapitulation of
exactly what substances are represented by the measurements in the
tables of the preceding section. For lead or the halogens, the meas-
urements represent the amount of material suspended in the atmosphere
in particulate form of radius greater than 0.5 micron. The reader is
advised to note carefully that the terms lead, bromine, g~g., are used
to represent the chemical elements in any form, and no attempt was made
to determine the chemical state of the substance. Bspeoially note-that
the halogens should not be taken necessarily-to be in their anion fo ay
(e.g. I "). A case will later be made, in fact, to illustrate the pre-
sence of a gaseous halogen adsorbed on the surfaoe of a carrier particle,
a condition which physical chemists would distinguish for some purposes
from the chemical bonding of the halide formation.
Comparing the text of the above paragraph to the title of this
section, the reader may feel that the author is putting off the unplea-
sant business of accounting for the difference between his own measure-
ments of bromine, and those of Gordon and Larson (1964), cited earlier,
in Washington, D.C. To allay these suspicions, the worst will be dis-
cused first. Gordon and Larson's values, it will be recalled, are of
the order of tenths of micrograms of bromine per cubic meter, a value
reached in this study only in the two highest samples. A number of
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factors are felt to contribute to this difference. First, there is a
different geographical location involved, as well as an unknown differ-
ence in traffic density. (The relation of bromine to automotive exhaust
will be discussed more fully later.) Becond, Gordon and Larson's data
are based on a different sampling technique, which is possibly more
efficient than the author's in collecting large particles. At the other
end of the size spectrum, Gordon and Larson's minimum particle size
collected is 0.1 microns, versus the 0.5 micron radius cutoff in this
study. It should be noted that both studies have sampled on approx-
imately the same fraction of days with visibilities below seven miles,
so the two studies are comparable in this regard. This author regrets
to state that he is not prepared to accept the validity of Gordon and
Larson's results without reservation, because of one potentially important
factor, not discussed in their article, which could render their results
spuriously high. Junge (1957) has shown that fresh filters of the same
material used by Gordon and Larson can adsorb a large fraction of gaseous
chlorine phase. If the same effect is true for bromine, as it may well
be, then Gordon and Larson's values may include adsorbed gaseous bromine.
This author estimates from his own data, by reasoning stated below, that
the amount of gaseous bromine in areas polluted by automotive exhaust
products is at least as much, if not greater, than the amount of particu-
late bromide actually collected. Unfortunately, no study of gas phase
bromine has been done in air in this locale, or in Washington, D.C., to
the author's knowledge. However, the work of Ducoe et al. (1964) in the
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nearly unpolluted air in Hawaii shows roughly equal amounts of gas phase
bromine and particulate bromine.
The lead story -has a somewhat happier ending. The author's values
average about 0.8 micrograms per standard cubic meter, ranging from 0.079
to 2.23. Considering that the values of Tabor (1964), cited in Table XV,
represent an area in Boston with higher traffic density, and represent
different sampling and analytical techniques, the agreement in the results
is modestly considered excellent.
Similarly, for chloride, Junge (1963) gives measurements from the
Round Hill station, located about fifty miles south of B6oton, at South
Dartmouth, Mass. The measurements show considerable variaility, but
give an overall average of about 1.2 microgram per cubic meter for part-
icle sizes from about 0.08 microns to 8.0 microns. Again, -considering
differences in geographical location,particle sise range, and sampling and
analytical techniques, the agreement is considered good, at least with
regard to orders of magnitude.
Considering atmospheric iodine to be almost exclusively of maritime
origin, the author is happy to note that his values are of the same order
of magnitude as those of Duce, Winchester, and Van Nahl (1965) in Hawaii.
The factor of one half or so by which the values of this study are less
than the maritime atmosphere values, if statistically significant, can be
taken as a measure of the continentality of the Boston observations. With
the above-mentioned support, at least with regard to orders of magnitude,
of the concentration values presented herein, the author now wishes to
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discuss one of the most intriguing and complex aspects of this study.
Bromine, Lead, and the Automobile
Table IV gives the average lead contents of both premium and
regular U. 8. gasolines. The lead in gasolines is well-known to serve
as an anti-knock additive. Ethylene bromide and ethylene chloride are
also present to act as scavengers in removing the lead via the automo-
tive exhaust. Note that the bromine-lead molar ratio in gasolines is
given as l:l.Stern (1962b) relates the results of tests which determine
the chemical form of particulate lead released in automotive exhaust.
In the complex lead-ammonium halide salts analyzed, the stoichionetric
ratio of moles of bromine to moles of lead is again 1:1 in each of the
salts. Stern further states that lead compounds comprise a major frac-
tion of the particulate emission from cars. Also, he says that 95 per
cent of the total mass of particulate emission from automobiles is con-
tained in particles which are 1 micron or larger. Putting all this
together, one would anticipate that some of the particles collected in
this study are lead-halide salts from cars, and that those particles
would exhibit a molar ratio of bromine to lead of 1:1.
It is now of interest to present a discussion of the behavior of
the Br/Pb and Br/Cl ratios stated in Tables I and II. The following
treatment, developed in conference with Prof. John W. Winchester and
Dr. Robert A. Duce, will lead to one of the most provocative conclusions
of this study.
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Notation:
Brs (or Cls ) ..... the number of moles of bromine (or chlorine) appearing
in the sample from aerosols whose origin is the sea.
Br ............. the number of moles of bromine appearing in the sample
ex
from all other sources.
Assumption
With a high degree of accuracy, Br represents only automotive
exhaust sources.
Problema
To remove mathematically the effect of Bra on the observed ratios
Br/Pb and Br/C1, so as to be able to single out the effect of
automotive exhaust contributions to bromide pollution in the air.
Obviously, one can write the following identities which relate the
variables by the simplest algebra:t
Br Br + Br Br
ex ex x 5 (3)
- -
Cl0 Cl5  Cis
Br Br + Brex Br
ex = ex 5 (4)
Pb Pb Pb
Let us fully develop (3) first. The first term on the right-hand
side of (3) represents the Br/C1 ratios presented in Tables I and II,
assuming that the chloride in the samples is fully of maritime origin.
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Other sources would include auto exhaust (Cl ex /Brex 1 < Cls/Br s
probably Clex <(C1 in all samples of this study), chlorinated insec-
ticides (small at this time of year), and industrial sources, also
believed negligible. The validity of the assumptions is supported by
the data which show that the two highest values of chlorine concentra-
tion are associated with onshore winds. The Brs/C1 can be estimated
from the behavior over land of atmospheric aerosols of essentially
maritime origin, as investigated in Hawaii by Duce, Winchester, and
Van Nahl (1965). The mole ratio is taken, together with its uncertainty,
1 -3
as (3±3)x10- 3 . Performing the above calculations on the data representing
total samples, it is found that the only data which, in light of the un-
certainty, are convincingly nonzero come from runs 6,7, and 8. The results
are, respectively, Brex/C1 s 0 11±3, 16+3, and 3.7±3. Continuing to (4),
again notice that the first term on the right-hand side is given directly
in the: rations data in Tables I and II. The second term is calculated from
the equation
Br5  Br. C1(
_. - x - (5)
Pb C1 Pb
The first factor on the right hand side of (5) is again taken as 3+3, as
in the development of (3) above. The second factor is computed from the
Cl and Pb tabulated concentration data for each sample by multiplying the
weight ratio by the ratio of the molecular weight of lead to the molecular
weight of chlorine, which ratio is 5.85. Performing the calculations in-
dicated by (4) and (5) upon the data representing total samples, and again
taking account of the uncertainty involved, the results once more show
convincingly nonzero values only for the same samples 6,7, and 8. The
results are, respectively, Brex/Pb = 0.14+0.04, 0.12+0.02, and 0.07±0.06.
Examining Table III closely, one finds that the only characteristic unique
to these samples is the occurrence of visibilities which are restricted to
5 miles or less by the occurrence of haze (and/or fog, smoke). The rather
startly conclusion suggested by the above development is worth a concise
recapitulation. It appears that particles containing exhaust bromine and
having a radius of 0.5 micron or larger can be detected with confidence
above the background of bromide of maritime origin only under certain
conditions; that is, when, and only when, there is sufticient particulate
pollution present to restrict the visibility to five miles or less. The
sensitivity, which may be greater in other geographical areas containing
a smaller amount of bromides from the sea, improves with lower visibilities.
Before suggesting a possible explanation for the above behavior,
notice that the ratio of automotive bromide to lead is less than the 1:l ratio
in automotive exhausts. In the author's opinion, it is much lower than might
be completely accounted for by looking for non-automotive sources of lead.
The author has stated his case fully in a preceding section, strongly sug-
gesting that the automobile is a source of at least half of the lead in
the atmosphere. Therefore, a theory is now proposed to explain the remaining
bromine deficit observed.
There is evidence in the results of Duce, Winchester, and Van Nahl
(1965) which leads them to suggest that bromine as well as chlorine can
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escape from aerosol particles. The reaction proposed for bromine release
is photochemical. With the acidic pH range of atmospheric aerosols, it
can proceed, releasing bromine as Br2 . Regarding the findings herein,
it is proposed that on days when the visibility is not significantly
restricted, the loss of bromine from automotive exhaust bromides is rapid
and essentially complete. However, on days when the air is "dirty", as
reflected by the presence of enough haze, etc., to reduce the visibility
significantly, then the process of bromine evolution is partly retarded
as the particles become covered with shells of moisture, "soot", and the
like, which tend to restrict the photochemical effect.
If the above conclusion is valid, it remains to re-examine the
results of Duce et al. above, to explain the large differences in the
Br/C1 mass ratios observed in aerosols collected over the sea and on land,
which may indicate an addition of bromine on contact with the land. There
is a difference in collection method involved, but the observed difference
is felt to be real. Another possibility considered and discarded because
of prevailing wind patterns in Hawaii is contamination from volcanic gases.
The proposal finally chosen by the authors as the most likely to account
for the higher Br/C1 ratios is contamination by automotive exhaust bromine
from the upwind town of Hilo. In light of the new findings presented
herein, this author proposes that this explanation should be discarced also.
This author suggests that a short new study might be instituted in Hawaii
to determine if filtered air passed over the land surface tends to pick up
aerosols from the ground which exhibit a high Br/C1 ratio. This might very
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well be the case, since the results of Duce et al. show that rains
collected over the island exhibit a high Br/C1 ratio. If such an
experimental result is found, one might then look for a mechanism
whereby bromine crystallizes out of rain water in a fashion relative
to chlorine which renders it more easily picked up by the wind as it
moves inland. That there is selective crystallization of chlorine
relative to bromine is observable in the analyses of cliff salt
samples. In these bulk solid-phase samples, collected near the shore,
the chlorine apparently comes out of solution first, allowing the bromine
to remain in solution, to be washed back into the sea, and thus detected
relative to chlorine in cliff salt at a lower ratio than observed in
surface sea water. If the same selective crystallization dan be assumed
as rain water evaporates, the eventual evaporation may leave the bromine
in a particle size range which can be entrained more effectively than
chlorine by the wind as it passes over land. This author admits that
his theory is highly speculative. For example, other interpretations
of the cliff salt data are presented by Duce (1964). The problem is
thought worthly of experimental investigation as suggested above.
Bromine as Total Oxidant
The question now to be considered is this. If there is indeed
an evolution from automobile exhaust bromide salts of gas phase bromine.
as Br2m might it not have been previously measured as part Of the data*
representing air pollution by total oxidant? Jacobs (1960) states that
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the major component of total oxidant in Los Angeles studies is ozone.
Taking a representative value from this study for ozone concentration
in Boston as 1 or 2 parts per hundred million, it interesting to make a
comparison of the amount of gaseous bromine likely to be present in the
atmosphere as a result of automobile pollution as discussed above. First,
notice should be made that Duce (1964) finds an amount of bromine in the
gas phase to be roughly equal to the amount present in particulates, in
the relatively unpolluted air in Hawaii. Thus, it is expected that the
bromine in traffic-exhaust polluted urban air ought to be greater than
the background produced by release from maritime particles. Notice that
the lead values herein reflect concentrations of the order of 2xl10
moles Pb/mole air. Assuming half this amount is from automobiles in
a form which has released nearly all its bromine to the air by the above-
suggested mechanism, then the amount of bromine so released is about 10
"1 0
moles of Br 2 /ole of air. This is about 0.5-1.0% of typical total oxidant
amounts, and is not considered distinguishable by most techniques, assuming
equal sensitivity of the analysis to bromine and other oxidants such as
ozone, which is not necessarily the case.
Toxicity Aspects of the Data
Of the substances reported in this study, the two most related to
human activity, hence, the most potentially controllable, are Br and Pb.
The following treatment will be limited to these two components, because
it doesn't seem within man's present grasp to do very much about the
natural processes which by-and-large contribute the other constituents.
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A thorolgh review of the medical aspects of the toxicity questions raised
herein is considered outside the main areas of interest of potential
readers of this work. Rather, a few fundamental references will be cited
for the interested reader to use as a starting point for further research.
The following sketch is based on literature reviews by Fatrhall (1957) and
the Public Health Service (1962) concerning lead toxicity.
Human r lead intake is unfortunately almost unavoidable because of
the nearly universal presence of lead contamination in food and drink,
tobacco products, and the atmosphere. Thus, intake may be by eating or
drinking, or by inhalation) or even by contact with the skin, a danger
to vorkers with tetraethyl lead fluid. Researchers place the maximum
permissible concentration in the air to which workers are exposed at 50
to 150 micrograms per cubic meter. On the other hand, lead in the system
is cumulative, and any amount is undesirable. We may take comfort in
noting that the measurements of lead in this study reflect atmospheric
lead values which are below the large-city levels reported earlier in this
study. Partial explanations for this would have to take into account the
fact that Boston lies on the outer edge, rather than in the center, of the
megalopolitan area of the east coast, as well as prevailing climate
differences.
Turning our attention to pollution by bromide substances, we find
the literature full of interesting accounts of the potential hazards.
The use of inorganic bromide in doses of about one gram per day as a
sedative is well-known. An increase above this limit by several-fold is
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considered a hazardous overdose, according to Goodman and Gilman (1955).
Sensenbach (1944) analyzes forty-nine cases of bromide poisoning, listing
twenty signs and symptoms. The most common are mental confusion, stupor,
delusions, headache, hallucinations, irritability, depression, dizziness,
and memory defects. He states that the toxic level in the blood may be
taken as 150 milligrams per 100 milliters of blood, with about half this
tolerance for victims of arteriosclerosis, malnutrititon, or anemia.
The treatment consists of administering 6 to 8 grams of chloride as either
sodium or ammonium salt. Therefore, because of the relatively small amount
of bromide pollution observed, and the simultaneous presence of chloride
in'amounts much more than adequate to overcome it, bromide intoxication
by aerosols taken up by the lungs is not felt to represent a hazard.
Further, the amount of Br2 presumed present by the arguments of the pre-
ceding sections is well below even conservative estimates of permissible
concentrations (Fairhall, 1957). A discussion of this aspect of the omone
values reported herein is left to the original investigator. (See APP INDIX).
In closing this section, it should be remarked that particles in
the size range from 0.1 to 2.7 microns are the ones in air pollution which
are retained in the lungs, the larger ones being trapped before entry and
the smaller ones re-exhaled (Tufts, 1959). It is therefore principally
to make the results useful to researchers in the field of lung diseases
that our samples have been divided into two fractions. It will be noted
that the particle size range represented by D-suffixed samples is roughly
equivalent to the size range of interest. However, in view of the limited
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threat to health entailed by the amount of mass of the constituents
herein analyzed, it is recommended that future studies of this type
may without much loss of utility abandon this practice, thereby
reducing by half the number of analyses involved and increasing their
sensitivity also.
The Relation of Chlorine to Ozone
The chemical state of chlorine in this study can be taken with
reasonable surety to be essentially all as chloride, Cfl, mostly of
maritime origin, as discussed earlier. Although the ozone values reported
in this paper are the result of a separate project (see APPUNDIX) it has
been decided by both researchers to study our respective measurements
together to see if there might be any interesting relations suggested
by our data. Therefore, we have computed a simple linear correlation
coefficient between the simultaneously-measured concentrations of 03
and Cl. We find a value of -0.55. We fully realize the dangers of
ascribing too much significance to a correlation coefficient based on
only seven samples. Further, it can be argued that the number of samples
which are independent in the statistical sense is only five, because
sample-pairs 9 and 10, and 6 and 7, are taken with the second sample in
each case following the first after only abbut one hour. Having a cor-
relation coefficient based on only five independent samples would be even
worse, from the standpoint of the confidence ascribable to the statistic
computed.
I~iYI""""Y1"~L~*hil~---~i-t(lii~iyliVILL --Yi
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Let us now examine the data to see to what extent the observed
correlation might be produced by coincidental aspects of the sampling
rather than by a true relationship between chloride and ozone. First,
the correlation which has been computed strongly depends for its mag-
nitude and sign on a single case. See Figure I. This case is run 5,
in which one could argue that the chloride is high because the wind
direction is off the ocean, and the ozone is low because of two effects.
These are that the ozone has been sampled before it has been able to
approach its diurnal peak, and also sampled on a day when the sky is
overcast reducing solar input. Additional measurements in Boston show
that strong insolation is directly related to high surface ozone, and
conversely, by mechanisms not fully known. This aspect is to be din-
cussed in detail in the report on the ozone project. (See APPENDIX).
Briefly stated, the mechanisms are believed to involve increased down-
ward vertical transport due to increased turbulence, as well as increased
photochemical production of ozone related to the presence of other
pollutants. Thus, the observed correlation might be completely explain-
able by sampling bias.
In light of the limited data available in this thesis, it would
be desirable to examine the measurements of chloride and ozone taken by
other investigators to see if any indication of a chloride-ozone rela-
tionship can be inferred in locales other than Boston. Simultaneous
daily measurements of these substances have not heretofore been reported
to our knowledge. However, Rensetti (1954) cites some monthly-averaged
~;~L~$_Cri~l~/l-C-~~L --ki ihe~sL~i/5iigl~-~b?~E~k~~~
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Fig. I. Ozone vs. Chloride Concentrations. The uncertainties
in each value are discussed in the text.
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pollutant values for each of several sampling stations in The Los Angeles
Basin.
In Renzetti's study, continuous monitoring of total oxidant has
been accomplished using a Beckman measuring device employing the oxida-
tion of a buffered potassium iodide solution. While this method is not
specific to ozone, Renzetti feels that ozone contributes a major fraction
of the sample. To support this contention. we note that Renzetti observes
a consistent diurnal variation in total oxidant concentration which is of
the same type as the variation observed when ozone alone is analyzed.
That is, concentration values are low at night, begin to increase between
6:00 a.m. and 8:00 a.m., reach a maximum between 11:00 a.m. and 2:00 p.m.,
and then decrease slowly to the nocturnal levels. The daily maximum
values have been averaged for the month of October and also for the month
of November, 1954, at each of eleven different sampling locations in the
Los Angeles Basin. Of the eleven stations, five show a significant de-
crease in oxidant values from October to November. Five values are essen-
tially constant, and only one value increases significantly. Because of
the lack of uniformity in the above behavior, we feel that the observed
decreases are not merely seasonal.
For one of the stations, located in Pasadena, the average monthly
particulate pollutant analyses are also reported for the same two months.
Pertinent data, together with the oxidant values, appear below.
Average Pasadena Results (after Renzetti, 1954)
October November
Oxidant (pphm) 21 15
Chloride (Pg/V of air) 0.64 0.91
Sodium ( g/ of air) 3.1 2.3Sodum -
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In the report are also given data for Pasadena for substances
other than chloride and sodium which have been analyzed in the partic-
ulate matter. For comparison, values of the same substances are given
which have been obtained as the average for thirty metropolitan areas
in the U. S. in 1954. It is interesting to note that the Pasadena
results exceed the national average results for twelve substances, and
are less for only five, one of which is chloride. This observation is
particularly striking in view of the coastal nature of the Los Angeles
Basin, wich is thu near the source of the chloride. We also note that
the total oxidant values are quite high compared to the ozone values we
observe in Boston, while the chloride is lower. The sodium values cited
are among those which are higher than the national average. To the extent
that the Pasadena sodium has a maritime origin (largely as sodium chloride),
the conclusion is suggested that some mechanism occurs to remove chlorine
from the chloride particles, and that this mechanism is more pronounced
in the October data (when oxidant is higher) than in the November data.
It should also be noticed here that the five stations which exhibi.t
significant reductions in the average total ozidant from &ctober tc Novem-
ber are all located farther inland than those which show essentially no
change or an increase. Although the data for the monthly chloride analysis
is given for only Pasadena and not for the other four, it is not unreason-
able to consider the possibility that an increase may have occurred in the
chloride concentration of the other four stations. We point out that an
increase of x micrograms of chloride per cubic meter of air distributed
---;- --~~....-..--;-------~ I III ____~_~~ I-,
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evenly over the entire Los Angeles Basin would be relatively a larger
increase at the inland stations, which are more remote from the maritime
source and hence have normally lower chloride values than the coastal
stations.
While the above comments are to some extent speculative, we do not
feel that the possibility of a real chloride-osone negative correlation
is el&minated by the data reported by Renzetti. However, to best investi-
gate the possibility of a relationship, a comparison of the Los Angeles
data to our data suggests that there is a strong effect of locale, and
that data from different locales are not strictly comparable.
However, for the sake of what follows, let us assume momentarily
that fUrther work might produce a more statistically-reliable value for
Boston which is equal to ours, and then try to find, from present theories
of atmospheric chemistry, an explanation for a negative correlation between
03 and Cl if one should be found based on a large number of unbiased data.
Either or both of two conditions can cause a high negative correla-
tion between two variables. In our case, high values of one pollutant
might lead to low values of another by a direct reaction (or reactions)
which create one component and destroy the other. The second possibility
is that there exists a third causative factor which correlates positively
with one component and negatively with the other. Let us examine each of
the above explanations in turn. The following paragraph is based on a
review given by Duce (1964).
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Cauer (1951) suggests that aqueous chloride in aerosols reacts
with ozone to give gaseous chlorine, C12, which subsequently escapes
from the envelope of water surrounding thte aerosol particle. The
reactions are:
03 + Cl -- O2 + C10- (6)
CLO+ 6 2N + Cl- - cl 2 + o (7)
Importantly, the reaction has been shown in the laboratory (Yeatts and
Taube, 1949) to proceed at A slow rate. Let us assume that the rate of
reaction in the atmosphere is no faster than the rate of reaction in
the laboratory.
Even though the above direct reaction may occur to a slight
extent in the air, we obviously must continue the argument beyond the
reactions above, because they destroy equimolar amounts of Cl and 03
and hence would contribute to a positive rather than negative correla-
tion. Millman et al. (1962) present the key to completing the theory.
The following reactions in the atmosphere are well known.
03 + hi) -- j 02 + 0 (a)
03 02 + 0 (9)
These authors now state that gaseous chlorine is known to have
a catalytic effect (emphasis ours) on atomic oxygen by the following
suggested mechanism:
0 + C12 -- C10 + Cl (10)
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0 + c10 -- 2 o2  + C1 (11)
01 + 02 + -- 0lo2  + N (12)
0 + C102 -- C10 + 02 (13)
Therefore, a small quantity of C12 can recombine a tenfold excess
of atomic oxygen to 02 quite rapidly. (10) is considered to take place
first and then a recurring sequence of (11)-(13). Removal of 0 would tend
to shift the reaction in (9) to the right, resulting in a more complete
destruction of ozone. The authors further state that another system of
reaction analogous to (10)-(13) may exist with 03 substituted for 0 ;
the result of these reactions would be further destruction of 0 .
We hasten to point out that the reactions, proposed by Millman
et al. above are intended by them to deal with processes in the osono-
sphere, but we do not feel that their application to the surface air can
be necessarily ruled out. Thus, the above complex relations between 03
and Cl,~ (6) and beyond, suggest a possible mechanism by which the con-
version of a small amount of Cl to Cl2 could strongly reduce 03 concen-
trations, predicting a negative correlation between Cl" and 03.
Turning our attention to the second explanation, we know the
potential effects of nitrogen dioxide on both ozone and chloride. The
following reactions are stated by the Public Health Service (1962).
NO2 + ultraviolet light --> NO + 0 (14)
Then 0 + 02 + ----- 03 + a (15)
S02 + 02 -- * RO + 03 (1e)and possibly also
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That these reactions actually occur in the atmosphere is suggested by
the work of Dickinson (1961). He finds that the nitrogen dioxide con-
centration reaches a peak a few hours before the ozone maximum is reached,
based on samples over a number of years in downtown Los Angeles. There-
fore, it has been shown that a third substance, NOa, creates 0 . To
complete the argument Justifying a negative correlation, it is necessary
now to discuss how nitrogen dioxide could cause the release of chlorine
from particulatys, leading to lower values of Cl in this work. Junge
(1958) has found that the nitrate content in coastal areas of the north-
eastern U. B. is greatest for the giant particles (defined.as greater
than 1 micoron radius) which is the same sisze range which contains most
of the chloride. He has further found that the presence of nitrates in
the aerosols depends upon the presence of both 1(0 and sea salt particles.
Based upon Junge's results, Iobbins et al. (1959) have studied the follow-
ing reactions:
NaCl + 2NO - p NaNO3  + NOC1 (14)
NOCl + 120 - C1l + EN02 (15)
It is found that some reaction other than (14) occurs. he actual
reaction is rapid but incomplete using NC1 aerosol particles. Also, any
N001 which might be formed by (14) would be rapidly hydrolyzed according
to (15), but Junge's measurements have revealed no nitrite to be present
in the particles. Rather than (14) and (15), Robbins et al. suggest that
NO2 is hydrolyzed in the gas phase byl
2NO2 + H20 - 2l103 +.10 O (1i)
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The HNO3 is then adsorbed or dissolved in the aerosol droplets. The
effect of this is then to cause the aerosol particle to have a higher
nitrate content, and, important to our argument, to acidify the particle
causing the release of chlorine as HC1, reducing the Cl concentration
values as observed by the methods used in our study.
Therefore, it is felt that both aspects of the above development
offer theoretical Justification for expecting a negative correlation
between chloride and ozone.
Continuing to assume that the -0.55 correlation obtained is valid,
one could hardly expect a very much stronger simple linear correlation
coefficient, because of the extreme dependence of ozone on other factors
not directly related to chlorine. That is, it is well known that the
stratosphere is an important source region for surface ozone, which is
formed by photochemical processes and brought down to the earth's surface
by turbulent mixing. For a full account, see for example Junge (1943) or
Leighton (1961).
It is suggested as a topic for further study that more simultaneous
measurements of ozone and chlorine be taken, together with measurements of
parameters representing insolation and turbulence. Then the ozone values
can be adjusted to equal conditions of insolation and turbulence to remove
the effects of these processes, and a more statisticaily reliable correla-
tion can be obtained with chloride content to test the above theories.
Perhaps lag correlations should also be studied. If it can indeed be
r.
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shown that chloride salts can control ozone to some extent even at con-
centration ratios as low as those observed in this study (C1/03 approx-
imately 0.05-0.2), then an inexpensive method of controlling the undesir-
able effects of atmospheric ozone is suggested; for example,. one might
spray an ozone-contaminated area with droplets of saturated salt solution,
providing corrosive effectsof the chloride could be tolerated.
Brief Remarks on Other Relationships Noted
This section contains a collection of theories used to explain the
data. In most cases the comments are too brief, or the data too limited,
to merit individual development in a separate section. No attempt is made
to evolve original theories herein, but rather to explain the trends in
light of existing theories and past measurements.
Sise-range distribution: It is noted that the amount of C1 and Er in the
large-particle range (ABC samples) exceeds the amount in the small-particle
range (D samples) in 9 out of 10 and 8 out of 10 cases respectively. The
distribution of lead seems random, at 5 out of 9. The chloride results
agree in trend with those of Junge (1956) discussed previously, although
one might even anticipate that they should exhibit the favored result in
all cases rather than all but one case. Though not strictly comparable
because of different geographical conditions, the Hawaiian results of
Duce, Winchester, and Van Nahl (1965) exhibit essentially the same trend
in the bromine results of their aerosol collections over land as those in
this study in this regard. No data are available for direct comparison
-~i ~-~-L~crc;-r-;-;lr;.~r~ s c~iP ifuusuuur i
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with the author's lead size-distribution results.
In discussing iodine in the samples of this study, it is most
meaningful to examine the I/C1 results.- Note that the ratios observed
exceed (often by a large multiple) the sea water value in Table IV in
all cases, including separate size fractions as well as total samples.
Further note that the I/C1 ratios are greater in the small particle
size range than in the large particle size range for all cases except
sample 2. These trends are noted also in the Bawaiian results of Duce
et al. above. These authors propose the theory that the results are
caused by adsorption of gas phase iodine, which would be bore efficient
onto small particles because of the larger surface area-to-mass ratio
exhibited by the smaller particles. In concluding these remarks, the
author wishes to repeat that he has purposely avoided trying to establish
any new theories regarding the mass partitioning observed in his data,
and has instead tried only to present those observations which parallel
the work of other investigators. The reason is, as discussed earlier,
that the sampling has been conducted at less than the ideal flow rate
through the cascade impactor, and hence, the actual size ranges must be
taken as only roughly approximate to those stated.
Air-mass distribution: In day-to-day analyses of weather patterns, the
meteorologist is often able to delineate large masses of air covering
thousands of square kilometers. These air masses are roughly internally
homogeneous with respect to temperature and moisture content (and perhaps
pollution), and are separated one from another along boundaries called
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fronts. They are transient, and much local weather variation is ascrib-
able to their movement into and out of a locale. This over-siplified
description will suffice for our purpose; the interested non-meteorologist
is referred to any basic meteorological textbook such as Willett and
Sanders (1959). Because the tendency of air, and hence pollutants
contained therein, to escape through air mass boundaries is very limited,
it has been decided to separate the data with respect to distinct air
masses. Therefore, this is a breakdown of the sample collection periods
taken when various distinct air masses overlie the Boston area. Grouped
in parentheses are those samples which are from the same air rass: (1),
(2-3-4), (5-6-7), (8), (9-10). The author feels that any attempt to
explain the variability observed in the day-to-day pollutant concentration
by meteorological factors should include such an air-mas analysis as is
presented above. The effect of including this variable is to subdivide
the already limited number of cases into much smaller but more internally.
comparable groups. - With the paucity of data sharply increased, and the
number of controlling variables to take into account also increased, it
is not surprising that the complex interrelations of the meteorological
factors are not readily apparent.
The effect of rain: In light of the above discussion, it would be well
to cite cases where rain occurred without change of air mass follb ing.
The likelihood of so doing is reduced a priori by the fact that such
local precipitation is followed by changes of air mass, as when a warm
front passes, and further by the fact that rain in the New England area
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has been below normal during the time of this study. It is interesting
to note here that, in spite of the drought, the pollutant concentrations
observed do not exceed those of other measurements in this area. From
this we can deduce that the upper limit for the residence time of most
of the particles of the type observed in this study is of the order of
months. In fact, in a discussion of this problem, Mc Donald (1961)
states that the weighted mean residence times for atmospheric pollutants
is of the order of half a day. Returning to the discussion of rain within
air masses, this occurrence is noted in only one case sample 4 is sepa-
rated from samples 2 and 3 by rain. Notice that there is an observed
reduction of Br and C1 concentrations similar to that noted by Duce,
Winchester and Van Nahl (1965) in the Hawaii study, where frontal passages
during the time of that study are extremely rare. In light of the above
discussion, with five distinct air masses represented, it is not surprising
to note the general lack of correlation of the pollutant concentrations
with the time since the last rain data in Table III.
The effect of traffic on lead: It is interesting to note the lack of
correlation between traffic count and lead content when considering only
these two parameters. Comparing samples 7 and 10, one sees an order of
magnitude difference in the lead content at approximately equal traffic
counts. This fact could be explained by considering other sources of
lead, or by considering the traffic count as not a sensitive enough
measure of area-wide automobile input of lead, or by taking into account
the overwhelming differences in weather conditions. The author greatly
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prefers to latter explanation, and notes that ttoe, under roughly equi-
valent conditions of weather (sample pairs 6-7 and sample pairs 9-10)
lead concentrations vary directly as traffic count. The proportionality
is not too bad in light of the above-stated failure of the traffic count
to completely represent prevailing traffic. It is also interesting to
note that the relationship holds in spite of the fact that the BO0 free-
air wind direction places the sampling device upwind of the nearest
traffic in sample pair 9-10. Part of this effect is doubtless overcome
by the stirring action caused by the cars themselves, in view of the
sheltered nature of the curb-site sampling area.
The offect of sampling location: It is difficult to make any defendable
conclusions on the effects of the changes of location because there are
no samples taken in both locations simultaneously or under completely
equivalent weather conditions. Though the average curb-site load con-
centrations are slightly higher than those of the roof-site, the differ-
ence is not felt to be real because the curb-site sample values are
biased by the high values observed on the low-visibility days. The 3
samples showing significant exhaust Br, i.e. Br in excess of that ascrib-
able to maritime sources, are all curb-site, but this may be more due to
special weather conditions than to location. Assuming, then, that the
locale differences in lead and the other pollutants are not significant,
we can place as a lower limit on the residence time of particulate pollu-
tion the value of a few minutes required for air to pass the short distance
between the two sites. Further, we can state that the extent of vertical
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mixing at the roof height is such that the pollutants are uniformly
distributed in this direction also. Therefore, in future studies,
it is felt that the more convenient roof-site may be effectively used
to represent even surface ambient concentrations fairly well.
The effect of wind directions While huaze g., seem to be a major
factor in controlling the variability of lead, bromine, and iodine
concentrations, the wind direction seems even more important than
restrictions to visibility in affecting the chloride results. That is,
on-shore flow gives the highest two values of chloride concentration
(samples 3 and 5), which is doubtless explainable by the maritime source
of chloride in the Boston area as discussed several times earlier. This
is felt to be a background effect in the case of bromine, the variability
of which has been discussed in detail in an earlier section. The lack
of this effect on iodine cannot be explained.
The effect of temperature, humidity, and stability: No relation is noticed
between the concentration or ratio data and any of the above parameters,
though it ought to be stated that the low concentrations found in runs 9
and 10 is at least in part contributed to by the reduced efficiency of
impaction by the sampling device at humidities below 60%. The most dis-
appointing failure of the stability parameter to exhibit any significant
variability leads the aUthor to suggest that adequate representation of
stability does not seem to be given by the aid-hourly stability class
numbers used (either from BOB or site winds). It may be that the success
~ll~srrai~~ -- ~I ~rc~ -- IF~"s~lilllPr~lllsr~
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cited earlier, exhibited by other researchers in air pollution studies
with gas phase pollutants, does not extend to particulates or may become
apparent only when sampling is conducted to include diurnal and seasonal
variations, allowing a full-scale variation in this parameter which strongly
depends on the strength of incoming solar radiation. The author is confident
that very real differences in atmospheric stability have prevailed from run
to run in this study, as would be the opinion, he feels, of most meteor-
ologists examining the other weather data. Unfortunately, the selection
of a better parameter to represent atmospheric stability is left to the
future researcher carrying on further studies of this type.
Summary of Recommendations for Further Study
In this final section, the author will briefly collect his recom-
mendations for further study which have been previously presented and
are scattered throughout this paper. It is hoped that this section may
be useful in stimulating interest to carry out work in order that some
loose ends might be tied up. First, the author recommends a gas phase
bromine study to test the theory of the evolution of gaseous bromine
stated in the section "Bromine, Lead, and the Automobile," and to resolve
the differences between the measurements herein and those of Gordon and
Larson (1964). Second, much more data is needed to test the theories
presented in the section "The Relation of chlorine to Ozone." Finally,
a brief study of preferential input of bromine to chlorine as air passes
over Hawaiian soil is needed to test the author's theory explaining the
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Hawaiian measurements of Duce, Winchester, and Van Nahl (1965). This
theory is also presented in the section "Bromine, Leadand the Auto-
mobile".
For studies of the type presented in this paper, the author
recommends the following improvements: Utilize a more powerful vacuum
pump to achieve air sampling rates of 17.5 liters per minute. Abandon
the practice of dividing the samples into two fractions, thus saving
time and analysis cost. Utilize the more convenient roof-site. Finally,
devise a better parameter to represent atmospheric stability.
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APPENDIX
The measurements of ozone reported in this study have been supplied
to this author by his friend and colleague, Capt. Henry W. Brandli, a
fellow graduate student in the Department of Meteorology. They represent
a part of his graduate thesis, to be submitted later this year.
The measurements have been taken with a Mast Ozone Meter, fitted
with a filter to remove sulfur dioxide, the presence of which would cause
the instrument to read erroneously low. The instrument is described by
Mast and Saunders (1962). The preparation and effects of the filter are
given by Wartburg and Saltzman (1963). Since Capt. Brandli's project has
begun slightly after the study presented here, there are no ozone values
given for the first three periods of aerosol collection reported herein.
The ozone device has been operated within a few yards of the cascade
impactor intake orifice during the periods of the remaining seven aerosol
collections. The reading presented in each case is the average reading
recorded by the ozone meter continuous recording chart during the period
of aerosol collection. Each reading is felt to have an uncertainty of
o.1 parts per hundred million (pphm) which is approximately the limit to
which the graph can be read.
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